Abstract The ability of TGFβ1 to act as a potent profibrotic mediator is well established, potently inducing the expression of fibrogenic genes including type I collagen (COL1A2) and CCN2. Previously we have shown elevated expression of the TGFβ accessory receptor, endoglin on Systemic Sclerosis (SSc) dermal fibroblasts. Here we sought to assess the cell surface expression of the TGFβ receptor complex on SSc dermal fibroblasts (SDF), and investigate their role in maintaining the elevated expression of CCN2. SDF exhibited elevated expression of the TGFβ accessory receptors betaglycan/TGFβRIII and endoglin, but not type I or type II receptors. To determine the effect of altered receptor repertoire on TGFβ responses, we investigated the effect of exogenous TGFβ on expression of two pro-fibrotic genes. SDF exhibited higher basal expression of COL1A2 and CCN2 compared to healthy controls. TGFβ induced a marked increase in the expression of these genes in normal dermal fibroblasts, whereas SDF exhibited only a modest increase. We next sought to determine if higher basal expression in SDF was a result of autocrine expression of TGFβ. Surprisingly basal expression was not affected by a pan-neutralizing TGFβ antibody. To explore if altered accessory receptor expression alone could account for these changes, we determined their effects on CCN2 promoter activity. Endoglin inhibited CCN2 promoter activity in response to TGFβ. TGFβRIII alone or in combination with endoglin was sufficient to enhance basal CCN2 promoter activity. Thus TGFβ accessory receptors may play a significant role in the altered expression of fibrogenic genes in SDF.
Introduction
Systemic sclerosis (SSc) is a complex fibrotic disease of unknown etiology characterised by the elevated deposition of extracellular matrix (ECM) proteins, such as collagen type I. The excessive expression of connective tissue growth factor (CTGF/CCN2), a member of the CCN family of genes is now widely considered a hallmark of fibrotic pathologies, including SSc. Early studies demonstrated explant cultured fibroblasts from SSc patients maintained their apparent profibrotic phenotype (Leroy 1972) , however the precise mechanisms which contribute to this remains unclear.
Transforming Growth Factor beta (TGFβ) has been proposed as a central mediator in fibrotic pathologies, inducing many of the hall mark genes associated with fibrosis . Indeed TGFβ is perhaps the most potent inducer of CCN2 thus far identified (Holmes et al. 2001) . TGFβ isoforms 1-3 exert their biological effects through a heteromeric complex containing the transmembrane Ser/Thr kinases TGFβRI (Activin receptor-like kinase/ALK) and TGFβRII receptors (Ten and Arthur 2007) . The resultant receptor complex activates members of the SMAD transcription factor family, in addition to members of the Mitogen Activated Protein kinase signalling pathway, including JNK and ERK Ten and Arthur 2007) . In addition to TGFβ type I and II receptors, auxiliary membraneassociated proteins, endoglin (CD105) and TGFβRIII (betaglycan), have been shown to regulate ligand receptor interaction and subsequently effect downstream signalling (Perez-Gomez et al. 2010; Bilandzic and Stenvers 2011) .
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Recent studies suggest alterations in normal repertoire of TGFβ receptor expression may promote the development of a pro-fibrotic environment (Denton et al. 2003; Liu et al. 2002; Hermida et al. 2009 ). Previously we and others have demonstrated endoglin to be elevated on SSc dermal fibroblasts, and expression to significantly alter cellular responses to TGFβ (Morris et al. 2011; Leask et al. 2002) .
In addition recent studies have demonstrated TGFβRIII may play a role in the development of organ fibrosis (Liu et al. 2002; Hermida et al. 2009 ). Here we sought to profile the expression of the TGFβ receptor cell surface expression on SSc dermal fibroblasts, and explore the impact on collagen type I and CCN2 expression.
Materials and methods
Cell culture Primary dermal fibroblasts were grown from biopsies from SSc and healthy controls by explant culture as described previously (Leask et al. 2002) and were used between passages 2 and 5. Dermal and NIH-3T3 fibroblasts were maintained in DMEM with 10% fetal bovine serum (Invitrogen).
Flow cytometry Flow cytometry was performed as previously described (Leask et al. 2002) . Betaglycan, ALK1 and ALK5 cell surface expression were assessed by flow cytometry. The reagents used were FITC-labelled anti-TGFβRIII, anti-ALK1 or anti-ALK5 (R&D Systems) or with isotype-matched control IgGs. Labelling was detected with FITC-conjugated secondary antibodies (Invitrogen) and labelled cells were analyzed by flow cytometry using FACSCalibur (Becton Dickinson, Mountain View, CA). Isotype matched irrelevant primary monoclonal antibody was used as a control for nonspecific binding, and the average fluorescence intensities were determined by subtracting background values from experimental values.
Western blot analysis Cells were cultured until 80% confluence in DMEM 10% FBS. Cells were cultured in DMEM, 1% FBS for an additional 24 h in the presence or absence of 1 ng/ml TGFβ1 (R&D systems). Experiments involving the pan-neutralizing TGFβ antibody, 1D11 (R&D Systems) were performed in the presence of 10 μg/ml 1D11 or IgG control (R&D systems) Cell layers were harvested using RIPA buffer and proteins were quantified (Bradford, Bio-Rad). Equal amounts of protein (25 μg) were subjected to SDS/PAGE using 4%-12% polyacrylamide gels (Invitrogen). Gels were blotted onto nitrocellulose, and proteins were detected using anti-CCN2, antitype I collagen (Biodesign), anti-Actin (Sigma Aldrich), antibodies followed by an appropriate HRP-conjugated secondary antibody (Jackson Immunoresearch). Proteins were detected using an enhanced chemiluminescence kit (Amersham). Pan-TGFβ neutralizing and IgG control antibodies were used at concentrations specified.
Quantitative PCR Fibroblasts were serum-starved for 18 h and treated with 1 ng/ml TGFβ1 (R&D systems). Total RNA and cDNA was prepared as previously described, and expression of target genes determined (Xu et al. 2004 ) Duplicate samples were run, transcripts were measured in picograms, and expression values were standardized to values obtained with control 28 S RNA primers. Primers (Invitrogen) were as follows: COL1A2, 5′-ATAGGTTTCC CAGGGCAGC3-′ (F) and 5′-CCACGCTCTCCTT CAATCC-3′ (R); CCN2, 5′-CTCGCGGCTTACCGACTG-3′ (F) and 5′-GCACTTGAACTCCACCGG-3′ (R); and 28 S, 5′-
Transfection and reporter gene assaysThe 5 kb upstream promoter region of CCN2 was cloned into pGL3 (Promega). Promoter/reporter constructs were transfected into fibroblasts using FuGENE6 transfection reagent (Roche Applied Science) according to the manufacturer's instructions. Transfection efficiency was normalized by co-transfected with pTK-rluc (Promega). Following transfection, cells were incubated in DMEM with 2% fetal bovine serum for 18 h. Media were changed, and cells were incubated for an additional 24 h in the presence or absence of 1 ng/ml TGFβ1 (R&D systems). Reporter gene activity was measured by luminometry (Turner Designs). Values given are mean ± S. E.M of duplicate assays from three individual experiments.
Statistical analysis
The data show the mean ± standard deviation of at least three independent experiments (n=3), unless otherwise indicated. Statistical significance was determined using Student's t test. Statistical analysis was performed using GraphPad Prism software.
Results
Previously we had shown SSc dermal fibroblasts (SDF) exhibit an elevated expression in the accessory receptor, endoglin (CD105). We sought to profile the expression of the associated TGFβ signalling receptors ALK1, ALK5 and TGFβRIII (Betaglycan) by fluorescence-activated cell sorting analysis on these same cells. Three healthy subjects and three SSc patients were used for these analyses. SDF exhibited significantly higher cell surface expression of the accessory receptor TGFβRIII (Table 1) . By contrast cell surface levels of TGFβ type I (ALK1 and ALK5) or type II (TGFβRII) receptors were not significantly elevated compared control dermal fibroblasts (NDF).
TGFβ accessory receptors have previously been implicated in modulating cellular responses of TGFβs. To evaluate the impact of enhanced cell surface expression of TGFβRIII and endoglin we initially assessed the effects of exogenous TGFβ on the expression of two fibrogenic genes, collagen type I and CCN2 in SDF. Consistent with previous studies, basal gene transcript and protein levels of collagen type I and CCN2 were significantly elevated in SDF compared to healthy controls (Fig. 1) . Addition of exogenous stimulation with TGFβ1 induced a significant fold increase in gene transcription and protein expression of collagen type I and CCN2 in NDF, SDF exhibited a blunted response to TGFβ1 with only a modest increase in these genes (Fig. 1) .
We postulated that the apparent blunted response to exogenous responses to TGFβ1, and enhanced basal expression exhibited by SDF, as determined by collagen type I and CCN2 expression, may be due to autocrine expression of TGFβ1 by SDF. To assess this the effects of the pan-neutralizing TGFβ antibody, 1D11 (Fig. 2) on SDF collagen type I and CCN2 expression was determined by Western blot (Fig. 2) . Maximal induction of CCN2 and collagen type I in NDF was previously shown to peak at 2 ng/ml, and remains maximal at 10 ng/ml (data not shown). Incubation of NDF with 10 μg/ml of 1D11 inhibited induction of collagen type I and CCN2 by exogenous TGFβ (10 ng/ml). Incubation of SDF with 1D11 failed to inhibit the enhanced expression of either collagen type I or CCN2. No significant effect of an isotype matched IgG control was noted.
To investigate the impact of enhanced expression of the TGFβ accessory receptors, we tested the ability of an expression vector encoding either TGFβ RIII or endoglin to modulate the TGFβ induction of a target promoter, CCN2 in transfected mouse NIH3T3 (Fig. 3) . We found that relative to co-transfection of empty expression vector, cotransfection of an TGFβRIII CCN2 promoter/luciferase reporter construct enhanced both basal and TGFβ induced activity. Consistent with previous studies over expression of endoglin suppressed CCN2 promoter/luciferase reporter construct induction by TGFβ. Whereas over-expression of TGFβIII and endoglin led to significant increase in basal and TGFβ induced activity (Fig. 3) .
Discussion
Our results provide additional insight into the repertoire of TGF-β receptors expressed on the cell surface of SSc fibroblasts, and their putative functions. Here we demonstrate SDF exhibit an enhanced cell surface expression of the TGF-β1 accessory receptor TGFβRIII (betaglycan), but not type I (ALK1 and ALK5) or type II TGF-β receptors. Consistent with this we and others had previously reported Fig. 1 SSc dermal fibroblasts have reduced responsiveness to exogenous TGFβ1. Control (n=3) and SSc (n=3) dermal fibroblasts were assessed for the expression of COL1A2 and CCN2 in the presence or absence of TGF-β1 (1 ng/ml) after 4 h by Q-PCR (Upper panel). Protein expression of collagen type I and CCN2 was confirmed in the cell monolayers of these cells after 24 h in the presence or absence of TGFβ1 (1 ng/ml) by Western blot (Lower Panel). Protein levels were controlled for by levels of actin expression increased expression of a second TGF-β accessory receptor, endoglin (Leask et al. 2002; Morris et al. 2011) . Indeed recent studies from Trojanowska group have demonstrated an important pro-fibrotic role for endoglin in SDF, acting via endoglin/ALK1/Smad1 pathway to promote pro-fibrotic genes including ET-1 (Morris et al. 2011; Pannu et al. 2007 ). To determine cumulative effects of these changes in cell surface receptor levels, we assessed the response of SDF to exogenous TGF-β1. Consistent with previous studies by ours and other groups, SDF exhibited elevated basal expression of collagen type I and CCN2 compared health controls (Leask et al. 2002; Morris et al. 2011) . Whilst stimulation with TGF-β1 led to a significant increase in collagen type I and CCN2 expression in control fibroblast, SDF responses was less pronounced. To ascertain if this blunted response to TGF-β1 was the result of autocrine expression of TGFβ by SDFs, we sought to determine the impact of the neutralizing antibody TGFβ1, 1D11 on CCN2 and collagen type I expression. Whilst 1D11 markedly attenuated the effects of exogenous TGFβ1 on control dermal fibroblasts, neutralization of TGF-β failed to impact on the heighted basal expression of collagen type I and CCN2 by SDF. Suggesting the elevated expression of the genes was ligand independent. Previously we had shown endoglin to repress ligand independent and dependent activation of matrix associated genes. We thus sought to determine the effect of TGFβRIII on CCN2 promoter/reporter activity. Consistent with previous observation endoglin markedly repressed TGFβ inducted CCN2 promoter activity (Leask et al. 2002) . In contrast, over-expression of TGFβRIII alone or in conjunction with endoglin led to a significant increase in basal expression of the CCN2 promoter. Collectively this data suggests TGFβ accessory receptors may play a significant role in regulating CCN2 activity independently of ligand. Altered expression of members of the TGFβ superfamily of receptors has been implicated in a number of human pathologies, including pulmonary arterial hypertention (Burton et al. 2011) . Determining if this apparent imbalance in the TGFβ receptor repertoire is a systemic feature of the disease and contributes other underlying pathologies by altering the normal cellular response to members of the TGFβ superfamily remain key questions for the future. 
